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We propose a phenomenological light-front wave function for hadrons with arbitrary twist-
dimension (mesons, baryons and multiquark states), which gives the correct scaling behavior of
structure functions (parton distributions) and form factors for pions and nucleons. For other
hadronic states the proposed wave function produces form factors consistent with quark count-
ing rules, and gives predictions for structure functions (parton distributions). As an application we
build a light-front quark model for nucleons based on the proposed wave function.
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I. INTRODUCTION
The main objective of this paper is to propose a
phenomenological light-front wave function (LFWF) for
hadrons with arbitrary twist-dimension (mesons, baryons
and multiquark states) which gives the correct scaling be-
havior of structure functions (parton distributions) and
form factors both for pions and nucleons. For other
hadronic states the proposed wave function produces
form factors consistent with quark counting rules, and
also gives predictions for the corresponding structure
functions (parton distributions). As an application we
construct a light-front quark model for nucleons based
on the proposed wave function. This model is by con-
struction consistent with the Drell-Yan-West (DYW) re-
lation [1] between the large-Q2 behavior of nucleon elec-
tromagnetic form factors and the large-x behavior of the
structure functions (see also Ref. [2] for the extension to
inelastic scattering), and with quark counting rules [3].
Based on the findings of Refs. [1–3] one can e.g. relate
the behavior of the quark distribution function in the
nucleon qv(x) ∼ (1 − x)p at x → 1 to the scaling of
the proton Dirac form factor F p1 (Q
2) ∼ 1/(Q2)(p+1)/2 at
large Q2 (the parameter p is related to the number of
valence constituents N in the hadron, hence for N = 3
we have p = 3). In Refs. [4, 5] the large-x scaling of pion
∗On leave of absence from Department of Physics, Tomsk State
University, 634050 Tomsk, Russia
and nucleon PDFs and GPDs has been obtained in the
framework of perturbative QCD. In particular, the pion
structure function behaves as (1 − x)2 at x → 1, while
nucleon spin non-flip and spin-flip structure functions be-
have at large x as (1−x)3 and (1−x)5, respectively. The
importance of these scaling laws and their role in the de-
scription of hadron structure has been stressed and stud-
ied in detail in the literature, see e.g. Refs. [4]-[7].
In this paper we show that these important features
of nucleon structure can be also fulfilled in the frame-
work of a simple light-front quark model based on a phe-
nomenological wave function with a specific dependence
on the transverse momentum k⊥ and the light-cone vari-
able x. We also derive the phenomenological LFWF for
hadrons with arbitrary twist-dimension τ , which gives
the required scaling for the corresponding form factors
and provides predictions for unknown structure functions
and GPDs.
II. LIGHT-FRONT WAVE FUNCTION FOR
HADRON WITH ARBITRARY TWIST
In this section we propose a phenomenological LFWF
for hadrons with arbitrary twist-dimension τ without re-
ferring to the flavor structure. We choose the form
ψτ (x,k⊥) = Nτ
√
log(1/x) (1− x) τ2+α(τ)2 −1
× exp
[
− k
2
⊥
2κ2
log(1/x)
(1 − x)2−α(τ)
]
(1)
2where
Nτ =
4pi
κ
√
1 + τ (2)
is the normalization constant,
α(τ) =
2
τ − 1 , (3)
x is the Bjorken variable, k⊥ is the transverse momen-
tum and κ is the scale parameter. Such type of LFWF
is motivated by the soft-wall AdS/QCD model (see e.g.
Ref. [8–13]) and corresponds to the dressed function of
a hadron dual to the corresponding bulk profile confined
in the quadratic dilaton potential. The idea to extract
LFWFs by matching to AdS/QCD has originally been
suggested in Ref. [8], considering the pion electromag-
netic form factor in two approaches – AdS/QCD and
light-front QCD. In a series of papers [8–13] this prob-
lem was further discussed in detail. The LFWF derived
in the present paper is different from the LFWFs di-
rectly extracted from AdS/QCD. The difference lies in
an additional specific dependence on the light-cone vari-
able, which is required to get consistency with model-
independent scaling rules. In particular, the effective
LFWF extracted from AdS/QCD in Ref. [12], in the case
of two-parton (meson) states, has the following form
ψτ=2(x,k⊥) ∼
√
log(1/x)
1− x exp
[
− k
2
⊥
2κ2
log(1/x)
(1− x)2
]
. (4)
The LFWF as proposed in (1) contains the extra factor
fL(x) = (1− x)2, (5)
depending on the light-cone variable with the result
ψτ=2(x,k⊥) ∼
√
log(1/x)
1− x fL(x)
× exp
[
− k
2
⊥
2κ2
log(1/x)
(1− x)2 fL(x)
]
. (6)
The LFWF suggested here leads to the structure function
(parton distribution) ρτ (x)
ρτ (x) =
∫
d2k⊥
16pi3
|ψτ (x,k⊥)|2 = (1 + τ)(1 − x)τ , (7)
which is normalized to 1
∫ 1
0
dx ρτ (x) = 1 (8)
and gives the required behavior of parton densities at
large x→ 1, both in the case of the pion (1−x)2 and the
nucleon (1− x)3 (helicity non-flip density). The helicity-
flip density for the nucleon will be discussed in Sec.III.
Now we calculate the form factor Fτ (Q
2) and the gen-
eralized parton distribution (GPD) Hτ (x,Q
2)
Fτ (Q
2) =
1∫
0
dxHτ (x,Q
2)
=
1∫
0
dx
∫
d2k⊥
16pi3
ψ∗τ (x,k
′
⊥)ψτ (x,k⊥) (9)
=
1∫
0
dx ρτ (x) exp
[
− Q
2
4κ2
log(1/x) (1− x)α(τ)
]
where k′⊥ = k⊥ + (1 − x)q⊥ and q⊥ is the momentum
transfer. One can see that the Q2-dependence of the
GPD generalizes the so-called modified Regge ansatz [6]
for the nucleon helicity non-flip GPD
H(x,Q2) ∼ (1− x)3 e−Q
2
Λ2
log(1/x)(1−x) (10)
for the specific choice τ = 3 to the case of hadrons with
arbitrary twist-dimension τ , where Λ is the scale param-
eter. E.g. for the pion we get
Hpi(x,Q2) ∼ (1− x)2 e−
Q2
Λ2
log(1/x)(1−x)2 . (11)
It is easy to check that at large Q2 the hadronic form
factors are consistent with quark counting rules
Fτ (Q
2) ∼ 1
(Q2)τ−1
. (12)
Next, following the ideas of Refs. [8–11, 13], we discuss
the inclusion of quark masses in the proposed LFWF
effective wave functions. We use a two-body approxima-
tion where m1 and m2 are treated as the masses of the
struck quark and spectator compound, which is the spec-
tator quark in the case of mesons, the diquark in the case
of baryons, and a multiquark cluster in the case of other
hadrons. Inclusion of quark masses leads to
ψτ (x,k⊥) → ψτ (x,k⊥,m1,m2)
= Nτ
√
log(1/x)xβ1 (1− x)β2+ τ2+α(τ)2 −1
× exp
[
−M
2
2κ2
x log(1/x)
(1− x)1−α(τ)
]
, (13)
where
M2 =M20 +
k2⊥
x(1 − x) =
k2⊥ +m
2
1
x
+
k2⊥ +m
2
2
1− x (14)
is the invariant mass. Here β1 and β2 are parameters,
which depend on the masses m1 and m2, respectively.
One of these parameters (the parameter β2) must obey
the constraint β2 → 0 in the chiral limit m1,m2 → 0 in
order to have consistency with scaling rules.
3III. LIGHT-FRONT QUARK-DIQUARK MODEL
FOR THE NUCLEON
In this section we consider the application of the phe-
nomenological LFWF to the derivation of a light-front
quark-diquark model for the nucleon. First we collect
the well-known relations [14] between the set of nucleon
Dirac and Pauli form factors FN1,2 (N = p, n) to the ones
defining the distribution of valence quarks in nucleons
F q1,2 (q = u, d) and the valence quark generalized parton
distributions (GPDs) [15] (Hq and Eq)
F
p(n)
i (Q
2) =
2
3
F
u(d)
i (Q
2)− 1
3
F
d(u)
i (Q
2) ,
F q1 (Q
2) =
∫ 1
0
dxHq(x,Q2) , (15)
F q2 (Q
2) =
∫ 1
0
dx Eq(x,Q2) .
At Q2 = 0 the GPDs are related to the quark densities
— valence qv(x) and magnetic Eq(x)
Hq(x, 0) = qv(x) , Eq(x, 0) = Eq(x) , (16)
which are normalized as
nq = F
q
1 (0) =
1∫
0
dx qv(x) ,
κq = F
q
2 (0) =
1∫
0
dx Eq(x) . (17)
The number of u or d valence quarks in the proton is
denoted by nq and κq is the quark anomalous magnetic
moment.
Next we recall the definitions of the nucleon Sachs form
factors GE/M (Q
2) and the electromagnetic 〈r2E/M 〉N
radii in terms of the Dirac and Pauli form factors
FN1,2(Q
2)
GNE (Q
2) = FN1 (Q
2)− Q
2
4m2N
FN2 (Q
2) ,
GNM (Q
2) = FN1 (Q
2) + FN2 (Q
2) ,
〈r2E〉N = −6
dGEN (Q
2)
dQ2
∣∣∣∣
Q2=0
,
〈r2M 〉N = −
6
GNM (0)
dGNM (Q
2)
dQ2
∣∣∣∣
Q2=0
, (18)
where GNM (0) ≡ µN is the nucleon magnetic moment.
The light-front representation [16, 17] for the Dirac and
Pauli quark form factors is
F q1 (Q
2) =
1∫
0
dx
∫
d2k⊥
16pi3
[
ψ+ ∗+q (x,k
′
⊥)ψ
+
+q(x,k⊥)
+ ψ+ ∗−q (x,k
′
⊥)ψ
+
−q(x,k⊥)
]
,
(19)
F q2 (Q
2) = − 2MN
q1 − iq2
1∫
0
dx
∫
d2k⊥
16pi3
×
[
ψ+ ∗+q (x,k
′
⊥)ψ
−
+q(x,k⊥)
+ ψ+ ∗−q (x,k
′
⊥)ψ
−
−q(x,k⊥)
]
.
Here MN is the nucleon mass, ψ
λN
λqq
(x,k⊥) are the
LFWFs with specific helicities of the nucleon λN = ±
and the struck quark λq = ±, where plus and minus cor-
respond to + 12 and − 12 , respectively. We work in the
frame with q = (0, 0,q⊥), and therefore the Euclidean
momentum squared is Q2 = q2⊥.
In the quark-scalar diquark model the generic ansatz
for the LFWFs reads
ψ++q(x,k⊥) =
mq + xMN
x
ϕq(x,k⊥) ,
ψ+−q(x,k⊥) = −
k1 + ik2
x
(1− x)µq ϕq(x,k⊥) ,
(20)
ψ−+q(x,k⊥) =
k1 − ik2
x
(1− x)µq ϕq(x,k⊥) ,
ψ−−q(x,k⊥) =
mq + xMN
x
ϕq(x,k⊥) ,
where mq = m1q is the mass of struck quark; ϕq(x,k⊥)
is the wave function, which is related to the proposed
LFWF (13) as
ϕq(x,k⊥) = Nq
√
log(1/x)xβ1q (1 − x)β2q+1
× exp
[
−M
2
2κ2
x log(1/x)
]
. (21)
Here we include the flavor dependence effects in the nor-
malization constant
Nq =
4pi
√
nq
κMN
[ 1∫
0
dxx2β1q (1− x)3+2β2q
× Rq(x) e−
M
2
0
κ2
x log(1/x)
]−1/2
,
Rq(x) =
(
1 +
m1q
xMN
)2
+
κ2µ2q
M2N
(1− x)3
log(1/x)x2
(22)
and in the parameters β1q and β2q. The parameters µq
(q = u, d) are fixed from the description of the nucleon
4magnetic moments. In the LFWF ψ±∓q(x,k⊥) we in-
cluded an extra factor (1 − x) in order to generate an
extra power (1 − x)2 in the helicity-flip parton density
Eq(x) ∼ (1− x)5 in comparison with the helicity non-flip
density qv(x) ∼ (1 − x)3. Notice that the extra power
of (1 − x) in the functions ψ±∓q(x,k⊥) is consistent with
results of the soft-wall AdS/QCD, where the functions
ψ±∓q(x,k⊥) and ψ
±
±q(x,k⊥) have holographic analogues
— the bulk profiles of left- and right-handed AdS fermion
fields with spin 12 [18]-[21].
Substituting our ansatz for the LFWF (21) in Eq. (19)
and integrating over k⊥ we get the following expressions
for the quark form factors:
F q1 (Q
2) = Cq
1∫
0
dxx2β1q (1− x)3+2β2q Rq(x,Q2)
× exp
[
− Q
2
4κ2
log(1/x) (1− x)
]
× exp
[
−M
2
0
κ2
x log(1/x)
]
,
(23)
F q2 (Q
2) = Cq
1∫
0
2dx
x
µq
(
1 +
m1q
xMN
)
x2β1q (1− x)5+2β2q
× exp
[
− Q
2
4κ2
log(1/x) (1− x)
]
× exp
[
−M
2
0
κ2
x log(1/x)
]
,
where
Cq = N
2
q
(κMN
4pi
)2
,
Rq(x,Q
2) = Rq(x)− Q
2
4M2N
(1− x)4
x2
µ2q . (24)
In particular, one possible set of parameters, which
gives a reasonable description of nucleon electromag-
netic propertie is m1 = 7 MeV (mass of active quark),
m2 = 190 MeV (mass of spectator diquark), µu = 0.3,
µd = −1.2, β1u = 1.1, β2u = 0.2, β1d = 1.5, β2d =
0.26, κ = 300 MeV (see our results in comparison with
data [22] in Table I).
Now we demonstrate that the obtained results obey the
model-independent scaling laws. Considering the limit
x → 1 where log(1/x) ∼ 1 − x and the limit Q2 → ∞
[changing x→ 1−x and then rescaling x→ (2κ/
√
Q2)x],
we prove the DYW duality and quark scaling rules
F q1 (Q
2) ∼ 1
(Q2)2+β2q
,
F q2 (Q
2) ∼ 1
(Q2)3+β2q
, (25)
F q2 (Q
2)
F q1 (Q
2)
∼ 1
Q2
TABLE I: Electromagnetic properties of nucleons
Quantity Our results Data [22]
µp (in n.m.) 2.793 2.793
µn (in n.m.) -1.826 -1.913
r
p
E (fm) 0.741 0.8768 ± 0.0069
〈r2E〉
n (fm2) -0.116 -0.1161 ± 0.0022
r
p
M (fm) 0.817 0.777 ± 0.013 ± 0.010
r
n
M (fm) 0.851 0.862
+0.009
−0.008
and
qv(x) ∼ (1− x)3+2β2q , Eq(x) ∼ (1 − x)5+2β2q , (26)
where β2q → 0 in the chiral limit. Therefore, the nu-
cleon form factors and parton densities are consistent
with the DYW duality and quark counting rules. We
plan to present a detailed numerical analysis of GPDs
and parton densities in a forthcoming paper [23].
IV. CONCLUSION
In conclusion we want to stress again the main result
of our paper: we demonstrated how to construct a light-
front quark model consistent with the model-independent
scaling laws — the DYW duality [1] and quark count-
ing rules [3]. We plan to perform a detailed analysis of
baryon properties using the light-front quark model pro-
posed in the present letter.
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